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Abstract 



Qh! We discuss the NSR formulation of the superstring action on AdS^ x S proposed 

recently by Kallosh and Tseytlin in the Green-Schwarz formalism. We show that the stress- 
energy tensor corresponding to the NSR action for AdS superstring contains the brane- 
like terms, corresponding to exotic massless vertex operators (refered to as the branelike 
vertices)- the 5-form e^ >, i/Vn,i-"' i /Vi,5 and the 3-form d{e^ >r il) rnx .. r il) m ^), multiplied by dX m . The 
corresponding sigma-model action has the manifest SO(l, 3) x SO (6) invariance of super- 
string theory on AdS§ x S 5 . We argue that adding the branelike terms is equivalent to 
curving the space-time to obtain the AdS$ x S 5 background. We commence the study 
of the proposed NSR sigma-model by analyzing the scattering amplitudes involving the 
branelike vertex operators. The analysis shows quite an unusual momentum dependence of 
these scattering amplitudes. 

Keywords: PACS:04.50. + hAl.2h.Mj. 

December 98 



polyakov@ictp.trieste.it 



Introduction 

Recently the classical type IIB Green- Schwarz (GS) superstring action in the 
maximally supersymmetric AdS$ x S 5 background HHU has been constructed by Met- 
saev and Tseytlin || and later simplified in the work by Kallosh and Tseytlin by fixing 
the ^-symmetry see also |7|,|| . In accordance with the conjecture that relates the 
dynamics of N = 4D = 4 super Yang-Mills theory with the type IIB superstring theory 



and supergravity PJT0,O,n2,13| in the AdS background, string theory on the AdS space 



appears to be a plausible candidate for the string-theoretic description of the large N limit 
of super Yang-Mills theory. On the condition that the analogue of the Maldacena's con- 
jecture is formulated for the non-supersymmetric case and a suitable mechanism is found 
for supersymmetry breaking, studying the type IIB string dynamics in the AdS$ x S 5 may 
be relevant for the understanding of the problem of confinement from the string-theoretic 
point of view. Some time ago, in an originally independent development we have no- 
ticed the existence of certain new exotic massless states in the spectrum of NSR string 
theory which apparently contain information about non-perturbative aspects of string dy- 
namics. These open string states are described by BRST-invariant two-form and five-form 
vertex operators of essentially nonzero ghost numbers. They do not correspond to any 
known massless excitations in perturbative spectrum of an open string; while precise phys- 
ical interpretation of these vertex operators is still largely a puzzle, in our previous works 
[Till we have made a preliminary conjecture (though unfortunately still vague and incom- 
plete at the time) that these excitations (which we refered to as branelike states since 
the superalgebraic arguments point at their connection with M-brane dynamics) may be 
relevant to the dynamics of non-Abelian gauge theories. In this paper we shall discuss the 
connection between these two developments; namely we shall attempt to present the NSR 
formulation of the Kallosh-Metsaev-Tseytlin type action of a type IIB string on AdS; we 
shall argue that the NSR version of stress-energy tensor corresponding to the superstring 
action on AdS§ x S 5 is related to the one of a sigma-model with the background determined 
by above mentioned branelike excitations. The paper is organized as follows. In the first 
section we review the branelike states and give physical arguments for their appearance as 
a result of the internal normal ordering in Ramond-Ramond vertices; then, by using the 
open string description of D3-branes, we will perform the GS-NSR transformation for the 
GS stress-energy tensor in the presence of D3-branes and observe the appearance of the 
terms related to the branelike states. 
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The resulting NSR stress-energy tensor (as well as the corresponding action) will 
have the manifest 50(1, 3) x £0(6) symmetry of superstring theory on curved AdS 5 x 
S 5 background In the second section we compute and study the properties of scattering 
amplitudes that involve branelike states. More precisely, we study the influence of the 
branelike states on the gravitational lensing of the Ramond-Ramond states by D p-branes 
and observe that at certain values of the momentum the presence of these exotic states 
leads to additional simple poles in scattering amplitudes. 

l.The type IIB action on AdS$ x S 5 in the NSR formalism and branelike states 

Consider the Ramond-Ramond vertex operators at zero momentum in (—1/2, —1/2) 
and (—3/2, — 3/2)-pictures on a disc: 

^(-3/2,-3/2)^^-) 

1 1 (!) 

= (e-i* + -e*-^d 2 c)Y, a {z){e-^ + -e*-^d 2 c) 

x^(z)e ifcJC (z,z)r™ 1 - m 'F mi ... m ,(fc) 

where 4>{z) and x( z ) are f ree fields that appear in the bosonization of the NSR su- 
perconformal ghosts ,9,7; E Q is spin operator for NSR matter fields. In the future, unless 
stated otherwise, we will be dropping the terms depending on fermionic ghosts since these 
terms will be insignificant for our computations of correlation functions (though in princi- 
ple these ghost terms are necessary to insure the BRST invariance of vertex operators) If a 
Ramond-Ramond vertex is placed on a disc and the boundary is present, the holomorphic 
and anti-holomorphic matter and ghost spin operators are no longer independent but they 
are related as: 

(f>{z) = <p(z),x(z) = x(z) 

Z a (z) = M^E^z) (2) 

M aP = (r°...rp) Q/3 

(p) 

The expression for the matrix implies that the Dirichlet boundary conditions are 

imposed on p out of 10 X m, s while the Neumann conditions are imposed on the rest. As 
long as the vertices (1) are far from the edge of a D-brane (that is, z ^ z) one may neglect 
the interaction between holomorphic and anti-holomorphic spin operators; however, as one 
approaches the boundary of the disc where z = z the internal normal ordering must be 
performed inside the Ramond-Ramond vertex operators in order to remove the singularities 
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that arise in the O.P.E. between the spin operators located at z and z. Adopting the 
notation ^ {q \k) = r mi ...r m «F mi ... m (k) we find that the result of the normal ordering is 
given by: 

lim z - z ^ s : e-i^E Q : (z) ^ : e"i%(z) : 

„ -I T rr(^ ( %Wr i "- m5 )e- 3 ^ mr ..^ m5 ( s ) + ... 

Z Z _ (3) 

lim z - z ^ s : e"^E Q : (z) : e~^{z) : 



z — z 



—Tr{^ q) M^Y m ^)e-^^ mi ^ m2 {s) + ... 



where we have dropped the less singular terms in the O.P.E. as well as full derivatives. 
We see that due to the internal normal ordering at the boundary of the disc the Ramond- 
Ramond vertex operators degenerate into massless open — string vertices - the two-form 
Zmn = e^^ifim^n and the five-form Z mi ___ ms = e _3<? V mi ...V'm 5 - As for the five-form state, 
there also exists the "dual" version of it in the +l-picture: Zmi)..m B ='■ r 4 Z mi _ mg : = 
e "0mj, ■ • •V'me where T 4 is the normally ordered fourth power of picture-changing operator. 
Actually it is this picture-changed version of the 5-form (i.e. the one in the +l-picture) 
that will appear in the NSR formulation of the AdS superstring action. 

As it is the well-known fact that there are no two-form and five-form particles in 
the peturbative spectrum of an open string, giving a proper physical interpretation to 
these new massless states in the spectrum of a superstring is a challenging puzzle. In 
our previous works we have shown that two-form and five-form vertices (3) appear 
as central terms in the space-time superalgebra for NSR superstring theory when the 
supercharges are taken in non-canonical pictures. Since p-form central terms in a SUSY 
algebra are always related to the presence of p-branes we have argued that the operation 
of picture-changing (applied to space-time supercharges) is a worldsheet interpretation of 
the S-duality transformation and the open string vertex operators (3) have essentially non- 
perturbative origin and represent the M-branes, though the precise relation of these vertex 
operators to the dynamics of branes is still unclear. In the current paper we shall discuss 
the role that these new superstring states may play in the recently proposed AdS-CFT 



correspondence JT^,|T2|,^,^0[|TT| and in building the string-theoretic approach to Yang- 
Mills theories. In the light of the newly found relation between the Yang-Mills correlation 
functions and the minimum of the supergravity action on the AdS space, the type IIB 
superstring theory on AdS (which has the AdS supergravity its low-energy limit) appears 
a plausible candidate for the ansatz to describe the dynamics of large N gauge theories. It 
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is therefore crucial to understand the dynamics of string theory in the AdS background in 
order to deepen our understanding of Yang-Mills dynamics and CFT in various dimensions. 
In this paper we shall claim that in terms of NSR formalism superstring theory on the AdS 
space ( presumably describing the large N limit of gauge theories) corresponds to a sigma 
model with flat space-time metric and with massless background fields corresponding to 
the branelike vertex operators (2). There are two dual ways of regarding the superstring 
dynamics in the field of D-branes.The first way is to consider the closed GS superstring 
propagating in the AdS background corresponding to the near-horizon geometry of D3- 
brane solution. The AdS*, x S 5 action in the GS formalism is given by |§: 



S = -l I d 2 z{^g^(y 2 (d lX p - 2ieTPd i e){d J x p - 2i9T p d 3 9) + ^d^d^) 

2 J '2/ (4) 

+4e lJ d l y t er t d J e} 

where X p ,p = 0...3 and Y\t = 4.. .10 are the longitudinal and transverse coordinates 
with respect to the worldvolume of the D3-branes. The second way to explore the GS 
superstring dynamics in the D-brane background (which is equivalent up to the D-brane's 
massive modes) is to study the propagation of the GS closed supersting in the flat space- 
time in the presence of open Dirichlet strings |n5,nj|.In the presence of open strings 
the holomorphic and antiholomorphic fields 9 and 9 are no longer independent. The GS 
superstring action in the flat space-time is given by: 

-\ [ d 2 z{(dX m -i9T m d9)(dX rn -i9 a (T af3 ) m d9 f3 ) 
1 J (5) 

-2ze^X m r(r a/3 ) m c^} 

The corresponding stress-energy tensor is given by 

TIT 

(6) 



In the flat space-time one may use the standard relations that exist (up to picture- 
changing transformation) between GS fermionic variable 9 and NSR spin operators in 

i. 

ten-dimensional space-time:# a = e 2 £ a + ghosts. 

In the presence of the D3-branes the space-time fermionic fields 9 and 9 are not 
independent but are related to each other according to (2). For the D3-branes this relation 
is given by: 

9 a (z) = [z(r°...r 3 ) Q/3 ]^(z) (7) 
4 



Using (7) let us now proceed with the formulation of the NSR analogue of the stress-energy 
tensor (6). Because of (7) the normal reordering between and 9 must be made , similar 
to the one performed in the Ramond-Ramond vertex operators in (3). Using (7) and the 
formula for the O.P.E. between two spin operators: 



ji'iitl ...nip I I 

— + < ^ — ( 8 ) 

(z-w) 4 p (z-w)* p 

one finds that the stress-energy tensor T zz of (6) rewritten in the NSR formalism is 
given by: 



T zzNS r = ~[dX m dX m + {e+id^dX" + ^ m d^ n dX n ) 



+ ^ : YT$d$ : +ghosts] 

Here e Pl "" P4 is the rank 4 antisymmetric tensor for the D3 brane vorldvolume ( the in- 
dices pi, ...p4 run from to 3, t runs from 4 to 9);m = (p,t) and n are ten-dimensional 
indices, X m = {xP,y l ). We have chosen the conformal gauge for the worldsheet metric and 
dropped full derivative terms. The tensor (9) may be rewritten in the form where the 
kinetic term for the NSR fermions (quadratic in ip) appears in a more transparent way: 

t zzNSR = [\dx m dx m + { x - : (r + rr)v> m ch/v : 

+?™P*P^ piMp3Mtdy t + d (e^ Pl ij p2l p p3 )dx P4 ] + ghosts] 

Here V =: S(j)(G mat ter + G g host) '■ is the picture-changing operator where G is the matter 
+ ghost supercurrent. Up to the picture-changing transformation, the kinetic part of the 
resulting NSR stress-energy tensor is the same as in the NSR tensor in flat ten-dimensional 
space-time without branes. The stress-energy tensor (10) corresponds to a sigma-model 
with flat space-time metric and the branelike part; it is the branelike states that break the 
SO(l,9) Lorentz symmetry of the flat space-time action to SO(l,3) x SO (6) of that on 
AdS$ x S 5 . The branelike part corresponds to the term ~ 9 a V^ l3 d6^dX rn in the stress- 
energy tensor. It is important to note that it is crucial to have the D-3 branes (that give 
rise to the curved AdS$ x £ 5 background in the "dual" approach) in order to include the 
branelike states (3) in the sigma-model; in the absence of D3-branes (that is, in the flat 
space-time) there would be no r°...r 3 factor in (7) and the 5-form and the 3-form terms 
in (9), (10) would have vanished. For instance, in the absence of the above gamma- matrix 
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factor the corresponding 5-form term would be given 

but this expression obviously vanishes since , due to anticommutation relations between the 
gamma- matrices, one would inevitably have to contract a pair of anticommuting fermions 
VV'^ with the Minkowski metric tensor n^ v ' . In the next section of this paper we will 
explore the properties of the sigma-model corresponding to the energy-momentum tensor 
(10) and study the correlation functions of the branelike vertex operators. The calculation 
will show a rather peculiar momentum dependence of these correlators. 

Correlation Functions of Branelike States 
Rather than computing the amplitudes involving the open string branelike states (3) 
in a straightforward way we will choose, for the sake of simplicity, to study the prob- 
lem of gravitational lensing of the the Ramond-Ramond particles in the non-standard 
(—3/2, — 3/2)-picture in the D-brane field which in some way is equivalent to studying the 
properties of branelike states (see the comment below) . In case of the RR particles in the 
standard (—1/2,-1/2) picture the appropriate scattering amplitude has been computed in 
||16|| The essential difference between these two computations is related to the fact that the 
Ramond-Ramond vertex l/( -3 / 2 > -3 / 2 ) of (1) (unlike the RR vertex in the standard picture) 
evolves into the exotic five-form state (3) on the boundary of the disc, as we have shown 
above. Therefore one should expect that the scattering amplitude for the RR states in the 
D-brane field is picture — dependent. The computation will show that in comparison with 
the standard scattering amplitude for the (—1/2, —1/2) RR particles there are additional 
simple poles that originate from integrating over the region r ~ 1 (i.e. near the boundary 
of the disc) where the (—3/2, —3/2) RR vertex operator (2) becomes the branelike 5-form 
state (3), therefore these extra poles in the scattering amplitude are apparently of the 
branelike origin. Consider the correlation function: 

xe^E 72 r™ a2 dX m («,)etE 52 r^ 

= (FW (h)M^) aipi (T m F^ (k 2 )F n M^) j2P2 (e-%{z)e-%(z)e* (w)e$ (w)) (11) 

x (E 0l (z)E pl (z)E 72 H S P 2 (w)) 

x(e lklX (z)e lklX± (z)dX m e lk2X (w)f(n)dX n e lk2X± (w)} 

Here f(n) = — 1 for the longitudinal indices (with respect to the D3 brane worldvolume) 
and 1 for the transverse ones^ 1 * 1 = f(n)X To compute the X-independent part Wo of 
this correlation function (that involves ghosts and fermions) one notes that 

, 3<p 30 i 

Wo- , g , I (AAAA) (12) 

(e 2 e 2e ^ e 
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where A are the full (ghost + matter) (1,0) spin operators in the standard — ^-picture. 

A bit long but elementary computation gives the following result for the zero momen- 
tum part of the correlator: 

W(z, z,w,w,k 12 = 0) = Tr(Y r ^ p \k 1 )M^)Tr(Y r Y m ^ p \k 2 )Y n M^)- ^ 

(w — w)(z — z) 6 

+8Tr( / F {p) (k 1 )M^T m ^ {p) {k 2 )T n M^) 

(z-z) 

(13) 

The kinetic part of the correlator is given by: 

(e lklX (z)e lklX± (z)dX m e lk2X (w)f(n)dX n e lk2X± (w)) 
= 5(k 1 } + k ] 2 ] )[(z - z)^(w - w)^\z - w\ 2 ^ k ^\z - w \ 2{klk ^] 

ww + ( k^m + w(b)( _l^ _ + _ ^_ )} 

(w — w) z w — w z — w z — w z — w z — w (14) 

,k 2m f{m) . 1 11 1 

x \rt- + k lm f(m)( - + k lm ( -)) 

w — w z—w z—w z — w z — w 

" -(:>{/,•;/,•._,).(— L_ - + 2(hk 2 )(-^— - - J—))] 



w — w z — w z — w z — w z — w' 

where we defined {ki,k 2 } = ki p k p — k\tk\ = {k\k 2 y\ — (kik^ 1 - and similarly for {kf 2 }; 
(k\k 2 ) stands for the regular scalar product and fc" = k p k p ;p = 0, ...q; t = q + 1, ...9. 

So far we were considering the correlation functions on a half-plane. Let us make the 
conformal transformation (z, z) — > (it, -u) from the half-plane to the disc: 

Z= 2^ (15) 

Let us furthermore fix w = — | so that its image is at the center of the disc. In terms of 
the disc coordinates u = re^ the correlation function (14) becomes: 

W(r, ip, h, k 2 ) = (r 2 + 1 - 2rsm<^)-^ l2 >-^ lfc2 >-^ lfc2) (r 2 - i) 2 ( fc i ) 2 r 2 ( fc i fc 2 ) 

x[Tr(r r / F(fc 1 ) (p) M^)Tr(r 7 T m / F(fc 2 ) (p) r n M^) ^ ll^^g^ 



( r 2 _ !)J 

+8rr( / F (p >(fc 1 )M^r™^^ 

x [S mn f(ri) + (k 2n f(n) + 4k ln rcosLp + k ln (l H )) 

r 

x (k 2m f(m) + Akimrcosifi + k lm (l H )) 

r 

+<W8{/ci/c 2 rcosv? + 2(feife 2 )(l + ^-))] 



(16) 



Since the momentum in the longitudinal directions (with respect to the D3-brane world- 
volume) is conserved one has {hi 2 } + {kik 2 } + (kik 2 ) = 0. Integrating over r and <p we 
obtain the following expression for the amplitude: 

pi p2ir 

A(ki,k 2 ) = I rdr dipW(r,ip,ki,k 2 ) 
Jo Jo 

= Ak ln k lm B{A + {hk 2 ), 2(4') 2 - 2)Tr(r r / F(A; 1 ) (p) M^)Tr(r r r m / F(A;2) (p) r n M ( ' ?) ) 

+8Tr( / F (p) (A;i)M^r m / F (p) (A; 2 )r n M^)S(4 + (kxk 2 ), 2(k 1 }) 2 - 1) 

+(Tr(r r /P(A;i) (p) M (9) )Tr(r r r m / P(A; 2 ) (p) r n M^)S(3 + (A; 1 A; 2 ),2(A;1 1 ) 2 -2) 

+8Tr(^ ip) (k 1 )M^T m / F ip \k 2 )T n M iq) )B(3 + (fciA; 2 ), 2(4') 2 - 1)) 

x(5k lm k lm + (2(k 1 k 2 ) + f(n))5 mn + k 2n k 2m f{n)) 

+(Tr(r r / F(A;i) (p) M^)Tr(r r r m /F(A; 2 ) (p) r n M^)S(2 + (hfa), 2(k 1 }) 2 - 2) 

+8Tr( / F {p) (k^M^T 171 ^ (k 2 )T n M iq) )B(2 + (k x k 2 ), 2(k 1 }) 2 - 1)) 

7 

x (-hmhn + (4:{hk 2 ) + 3/(n))5 mn 
+3k 2n k 2m f(m)f(n) - k lm k 2n f(n) - k 2m k ln f(m)) 
+ (Tr(r r / F(A; 1 ) (p) M (9) )Tr(r r r 7n / F(A; 2 ) (p) r n M (,?) )S(l + (fcifc 2 ), 2(k 1 }) 2 - 2) 
+8Tr( / F {p) (k^M^T™ (k 2 )T n M^)B(l + (hfa), 2(k 1 }) 2 - 1)) 

3 

x(-kimkin + $mnf(n) + k 2m k 2n f (m) / \n) - k ln k 2m f(n) - k lm k 2n f(n)) 

+ -(Tr(r r /F(A; 1 ) (p) M^)Tr(r r r m ^(A; 2 ) (p) r n M^)S((A; 1 A; 2 ),2(A;l | ) 2 - 2) 

+8Tr( / F^ p) (A; 1 )M^r m / F( p )(A; 2 )™^) J B((A; 1 A; 2 ),2(A;[ 1 ) 2 - l))k lm k ln 

(17) 

where B(p,q) = Y^^y is the Euler beta function. Some comments should be made 
about the momentum behaviour of the amplitude (17). First of all it is noteworthy that, 
in addition to the poles present in the "standard" scattering amplitude of [[16[ there are 
additional physical singularities (i.e. the simple poles) in the amplitude (17) at (fc[) 2 = 
0,^,1 that originate from integration over the region r ~ 1, i.e. near the boundary of the 
disc where, as we pointed out earlier, the Ramond-Ramond vertex in the (—3/2, —3/2)- 
picture becomes the 5- form branelike state (3). One may therefore conclude that it is 
exclusively the boundary 5-form state (3) that gives rise to the additional simple poles 
in the scattering amplitude (17). Note that these poles did not arise in the calculation 
in |16j as the RR vertex in the (—1/2, — l/2)-picture degenerates simply into the vector 



emission vertex at r ~ 1. Therefore the boundary contribution in [16] had no peculiarities. 
In the (—3/2,-3/2) case the situation is quite different. Note that three additional poles 
depend exclusively on the momentum of the incoming (—3/2, —3/2) Ramond-Ramond 
particle (and consequently, on the momentum of the 5-form branelike state). Such an 
unusual momentum dependence may be the consequence of the fact that the 5-form vertex 
operator (3) is physical at some discrete values of momentum only (such a behaviour would 
be reminiscent of that of discrete states in two-dimensional gravity) Another difference with 
the scattering amplitude in the (—1/2, —1/2) -picture is that in case of the D-instanton 
background (q = —1) the (—3/2, —3/2) scattering amplitude does not have the field- 
theoretic structure observed in fl6fl , on the contrary due to the presence of the 5-form 
state the amplitude diverges (since kj = for the D-instanton background). As for 
the two-form branelike vertex operator ~ e~ 2 ^ifj rn 'ifj ri e lkX , there is also a peculiarity at 
k = 0. Namely, at any nonzero value of the momentum k the two-form vertex (3) may be 
decomposed into a sum of a fermionic part of a vector vertex operator in the — 2-picture 
plus BRST-trivial part: 



e < ^' l l , m' l Pn e — A mn + B 



mn 



A m n = 2 ^(^)(fc m ^„ - k^m) (18) 

R — p~ 2 ^ih ih p ikX — A 

To show that one has to consider the correlation function of e~ 2 ^'i/j m 'i/j n e' lkX with two other 
vector emission vertices in the 0-picture on the sphere. It is then straightforward to see 
that 

(e- 2 ^ m ^ kX V°(p 1 ,w 1 )V°(p 2 ,w 2 )} = (A mn V (p 1 ,w 1 )V°(p 2 ,w 2 )} 

(19) 

(B mn V (p 1 ,w 1 )V°{p 2 ,w 2 )} =0 

where V (p, w) = e m (p)(dX rn + i(pip)ip rn )e' ipX . Therefore at a nonzero momentum the 
two-form vertex operator (3) can be expressed in terms of the picture —2 vector emission 
vertex, however at k = such a decomposition is no longer possible and the two-form 
becomes a new massless state. 
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Conclusion 

One of the claims of this work is that the superstring action on the AdS^ x S 5 can be 
viewed, from the point of view of NSR formalism, as a sigma-model on the flat spacetime; 
introducing the background terms - a 5-form and a 3-form branelike terms is equivalent to 
curving the SO(l,9) flat space-time to obtain the AdS background. The SO(l, 3) x 50(6) 
symmetry of superstring theory on AdS$ x S 5 space is manifest in the energy-momentum 
tensor (10). Therefore we hope that exploring the dynamics of superstring theory on 
AdS ^ x S 5 may be analogous to studying the correlation functions of branelike vertex op- 
erators on the sphere. As for the action corresponding to the stress-energy tensor (10) one 
should also add terms corresponding to the Ramond-Ramond background, correspond- 
ing to non-vanishing RR scalar field in the near-core D-instanton background jI7[ These 
Ramond-Ramond terms should correspond to the WZ term in the action (4) (which does 
not contribute to the stress- energy tensor). The NSR action corresponding to the stress- 
energy tensor (10) should, up to yet unknown RR part, look like 

Snsr = f d 2 z[]-dX m dX m + { J : (r + TT)^ m d^ m : 

J 2 2 (20) 

+e PlP2P3P V?/vV P2 Mp^t&y* + d(e^ Pl ^ P2l p p3 )dx P4 ] + ghosts + RR- terms] 

Note that since the 5-form branelike state has vanishing s-matrix elements among elemen- 
tary string states (see also the discussion in the Appendix), adding branelike terms to the 
NSR action in flat space-time does not affect perturbative string amplitudes and does not 
create problems with unitarity. Because of the ghost anomaly cancelation condition adding 
the 5-form term to the action would not affect the 2-point amplitude of Jl6| where the RR 
vertex operators are taken in the standard picture. Another crucial problem is related to 
the fact that the branelike terms in the NSR stress-energy tensor (10) (as well as possible 
Ramond-Ramond terms) have essentially nonzero ghost number which cannot be removed 
by picture-changing transformation. Therefore in order to explore the properties of the 
sigma-model with the stress-energy tensor (10) it is crucial to introduce some function of 
picture-changing operators in the measure of functional integration in order to insure the 
correct ghost number balance (that would cancel the ghost number anomaly). The proper 
choice of such a measure deformation is an open question. We hope that the conditions 
of the worldsheet conformal invariance (i.e. vanishing of the 1-loop beta-function) which 
should be related to requiring the functional with the action corresponding to the energy- 
momentum tensor (10) to satisfy the large N loop equation, as well as conditions for the am- 
plitude factorization will be sufficient to determine the correct deformation of the measure. 
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Appendix 

We would like to comment briefly on the correlation functions of the 5-form branelike 
state (3) with elementary string states to demonstrate the vanishing of these correlators. 
The vanishing of these correlation functions allows one to add the branelike terms to the 
flat NSR action without creating problems with the unitarity. Let us consider first the 
correlator of the 5-form state with the vector emission vertices on the sphere. The vector 
emission vertices in various pictures are given by: 

= e m (k)(dX m + i{k^ m Y kX 
V(~V(k) = e m (A;)e-^ m e lfcX (21) 

V (-2) {k)=e -2^y(0) {k) 

On the sphere the total ghost number of correlators must be equal to —2 to compensate 
the ghost anomaly. First of all, it is clear that the 3-point function and the 4-point function 
vanish: 

(V^HhW^H^e^...^) = {V^- 1 \k 1 )V^ 1 \k 2 )V^ 1 \k z )e^ mi ..4 m& ) = ^ 

(22) 

simply because in both cases the total number of worldsheet fermions ip in the vector 
vertices (taken together) is less than 5 - so that there are some left in the five-form 
vertex operator with no partner to contract with. The n > 4-point correlation functions 
vanish also. For the sake of brevity, let us demonstrate it on the example of the 5-point 
function, for other n-point functions the argument remains the same. Let us introduce the 
notation V5 = e^i/j rni ...'i/j rn5 B rni '^' m5 where B is some rank 5 tensor which, without a loss 
of generality, may be assumed antisymmetric. The 5-point function is given by: 

W 5 = (V^ih^-^ih^-^ik^V^ik^V,} (23) 

Clearly, it is only the fermionic part of the vertex V^O) that could, in principle, lead to 
the non-vanishing contribution. Consider two arbitrary fermions (say, (kiip) and e(k2)ip) 
of the vector vertices that couple with some 2 out of 5 fermions of V5, say, tfj 1711 and tfj m2 . 
The corresponding factor in the correlator would be given by k™ 1 e m2 (k 2 ) + k™ 2 e mi (k 2 ). 
But this factor has to be contracted with the tensor B which is antisymmetric in the 
indices mi, m 2 . Therefore the total expression vanishes. As for the correlation functions 
of with Ramond vertices in the standard — 1/2-picture one can see that, at least up 
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to 6-point functions all the correlators vanish (we would like to remind that the Ramond 
vertex operator in the — 3/2-picture is not the picture-changed version of the standard 
picture —1/2 fermionic vertex.Rather, it is a different physical state which does have non- 
vanishing matrix elements with V5, as it is follows from our calculation in the second 
section of this paper). As for the standard Ramond vertices, all the correlation functions 
of the type {V^ 1 / 2 ^ (ki)...V^~ l / 2 \k n -i)V^) vanish on the sphere at least for n < 6 due to 
the ghost anomaly cancelation condition - since the picture-changing factor /(T) (arising 
in the measure of the functional integral as a result of integration over supermoduli) which 
regulates the ghost balance in the correlators, may only increase ghost numbers but not 
reduce them. For n > 6, however, the proof of vanishing of correlation functions of the 
branelike vertex V5 with standard Ramond states needs additional explicit computations. 
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